Micro aerial vehicles face limited flight times, which adversely impacts their efficacy for scenarios such as first response and disaster recovery, where it might be useful to deploy persistent radio relays and quadrotors for monitoring or sampling. Thus, it is important to enable micro aerial vehicles to land and perch on different surfaces to save energy by cutting power to motors. We are motivated to use a downwards-facing gripper for perching, as opposed to a side-mounted gripper, since it could also be used to carry payloads. In this paper, we predict and verify the performance of a custom gripper designed for perching on smooth surfaces. We also present control and planning algorithms, enabling an underactuated quadrotor with a downwardsfacing gripper to perch on inclined surfaces while satisfying constraints on actuation and sensing. Experimental results demonstrate the proposed techniques through successful perching on a glass surface at various inclinations, including vertical.
INTRODUCTION
Micro Aerial Vehicles (MAVs) suffer from limited energy-density storage, which significantly restricts their mission time [1] . Many tasks, however, do not require the robot to be in motion. In fact, some tasks do not even require the robot to be airborne. For example, a robot may be given the objective to monitor a crime scene until police arrive or to monitor the gas levels of a nearby gas leak. In such cases, the vehicle could not only be stationary, but could also perch and turn off its motors to preserve energy for the next task. Perching could also be useful for tasks which require the robot to maintain a static position, act as a radio relay in disaster zones, or to suspend operation when not needed or during a period of unfavorable weather. Thus, the ability to perch is critical to sustained operations in a wide range of missions.
Fixed wing vehicles have been shown to perch on vertical walls using penetration-based grasping [2, 3, 4] and on cables such as power lines [5, 6] . However, the challenges of object detection and recognition as well as relative pose estimation using onboard sensors and computation in real-time, real-world, scenarios would make such approaches very dif- ficult in practice for fast-moving, micro-sized fixed-wing aircraft.
In comparison to fixed wing vehicles, quadrotors can carry larger payloads for their size (i.e. more processing power, more sensors, and greater payload per footprint) and can provide both slow and fast, agile movements, which makes them useful in many scenarios. Their flight time is more restricted, however, which makes the motivation for perching even stronger. Passive gripping mechanisms were developed for perching in [7, 8, 9] , but the mechanisms consume a large fraction of the available payload and are restricted to objects that are narrow enough for the gripper to wrap around. Similarly, [10] presents a gripper that requires cylindrical objects and would restrict the set of possible perch locations based on the size of the gripper. Dry adhesives are used to adhere to flat surfaces in [11] , but a planning or control strategy for the robot to achieve perching is not presented. The authors in [12] and [13] use dry adhesives while [14] uses suction for perching. However, in these cases, the gripper is placed on the side of the robot, requiring extra compensation for the added moment and rendering the gripper unlikely to be useful for tasks such as transportation of objects. An opposed-grip dry adhesive is used in [15] to increase the capable load, but a launcher is used to simulate a perching maneuver.
In related prior work, a bioinspired trajectory generation method (tau theory) is used for perching [16] . However, the dynamics and underactuation of the robot are not considered, and only kinematic simulations are provided. The authors of [17] and [18] present perching on vertical surfaces, but the gripper uses a hook and loop fastener, VELCRO R , for adhesion, which is not desirable for real-world scenarios since it would require preestablished perch locations and would make release from the perch location challenging. Furthermore, they rely on switching between linear controllers as well as iterative learning for successful perching. Their work is extended in [19] where time constants for attitude commands are incorporated, but the system still uses a state machine to toggle between a trajectory and attitude controller, which ultimately requires an iterative learning approach. All sensing and processing is conducted onboard the robot in [20] , but the perching is achieved using a hook and loop fastener.
In our previous work, a robot was able to grasp objects while the robot was in motion, and the extension to perching would be straightforward [21] . However, the gripper had a large inertia relative to that of the robot, which impacted the dynamics of the overall system and motivated its consideration when planning aggressive trajectories for grasping. Additionally, possible perch locations were limited to horizontal flat surfaces or sufficiently small cylinders. Since an aerial robot would most often be observing things below, it is desirable to avoid perching on level surfaces since they would interfere with downwards observations. Further, in cases such as urban environments, the best available surfaces may be vertical windows, walls, or inclined roof tops.
In this article, which further develops [22] , we present a method that incorporates both a downwards-facing, realworld gripping mechanism as well as a planning and control strategy for quadrotors to achieve the necessary conditions for perching on smooth, inclined surfaces (see Figure 1) . A passively actuated, downwards-facing, dry-adhesive gripper is presented and used to adhere to such surfaces, and its requirements for successful perching on vertical surfaces are defined. The downwards-facing gripper motivates a strategic approach for trajectory planning since the system is underactuated such that the orientation and the position of the robot cannot be independently controlled. Thus, we present a suitable method for trajectory generation, which considers actuator and sensor constraints to ensure that the planned trajectories are not only dynamically feasible, but also realizable on the physical platform. Further, we ensure that the robot gripper contacts the perching surface with an approach orientation and velocity within a required landing envelope. Finally, we show experiments using a quadrotor equipped with the proposed gripper.
The key contributions of this paper are threefold: (1) We model and characterize a passively-actuated, opposedgrip, dry adhesive gripper in terms of the conditions necessary for successful MAV perching. (2) We present a method for control and planning to ensure that the robot's perch will fall within the landing envelope. (3) We experimentally demonstrate the effectiveness of the planning strategy, the controller, and the gripper.
The rest of the paper is organized as follows: First, we provide an overview of the design of the gripper, propose a model for the landing envelope, and explore the landing envelope of the gripper experimentally. Following the gripper design, the dynamics and the controller for the robot are presented. Then, a method for planning physically realizable trajectories considering actuator and sensor constraints is developed. Finally, experimental results are demonstrated, and we conclude the paper, offering paths for continued development. A view of the underside of the gripper. Initially, the pads are held in place by slight tension between the purple and orange arrows (opposed). Then, upon the collapse of the truss mechanism, each pad is placed in shear by pulling the pad towards the center (orange arrows) of the gripper using the tension string (blue downwards arrow).
A GECKO INSPIRED GRIPPER
We used a gripper influenced by the opposed-grip dry adhesive design described in [23] . The device is "geckoinspired" because of the dry adhesive used -a non-tacky silicone rubber with microscopic surface texturing that enables it to controllably switch between adhesive and non-adhesive states through the application of a shear force. This is inspired by the way a gecko uses micro-structures on its toes to adhere to surfaces. On dry, smooth surfaces, the adhesive can achieve up to 10 kPa in normal adhesive force [23] , however, surfaces rougher than glass or acrylic will show some degradation in performance. Further, the material is stable over a wide range of temperatures, making it a viable solution for outdoor scenarios. By placing two adhesive tiles in opposition with an internal shear force, the tiles can achieve adhesion independent of surface orientation. The adhesive is lightweight (the 25 cm 2 of adhesive tile is only 12 g and can support a 580 g robot) and enables perching on smooth surfaces. The total mass of the gripping mechanism and suspension, including the dry-adhesive tiles, is 60 g.
To provide an adequate safety factor for the perching maneuver, two pairs of adhesive tiles were used. These are arranged in a cross shape, as illustrated in Figure 2 . Both pairs are anchored to the same frame, a circle made out of a bent carbon fiber rod. This provides a consistent preload for both sets and keeps them in the same plane during the approach to the wall. Because of the tight tolerances maintained in this configuration, it was found to be unnecessary to use a differential mechanism (e.g. pulleys or links as in [24] ) to ensure even force distribution. Instead, both pairs are loaded through a single tendon attached at the center of the mechanism. In its final realization, the weaker of the two pairs averaged a failure load of 7.53 N, and the combined mechanism averaged a failure load of 14.2 N, which is 94% of the theoretical limit (calculated by doubling the limit of the weaker pads).
When perching with a quadrotor, aerodynamic surface effects tend to repel the vehicle from the target surface, and Upon impact, the truss collapses (the magnets holding the one side together separate) and the tension in the spring is transmitted via tendons to the gripping pads to create shear. Since the mechanism is still in compression, the shear force results in an appropriate loading cycle for high speed engagement. (C) When the robot creates tension in the tendon, whether from the rebound or from static hanging, the truss mechanism resets, and the tension remains transmitted to the pads since the entire mechanism is being pulled away.
stray breezes can deflect a slow-moving vehicle just prior to impact. Both of these considerations motivate a relatively high incoming velocity so that the duration and impact of these effects is minimal. However, impact at such velocities results in high demands on the loading rate of any chosen gripper. In our case, the adhesives must be loaded within a 10 ms window when they are in active compression against the wall, or else premature failure can occur. As described in [23] , this can be addressed by using a collapsing truss mechanism to guarantee an effective loading cycle, as illustrated in Figure 3 . The truss compensates for high incoming velocities and can passively reset itself after a successful perch. A failed perch, however, requires recovery from the failure and also a manual reset of the truss mechanism. Future work will build upon the recovery strategies outlined in [25, 26] , and the mechanism will be further developed to automate a reset.
Landing Envelope Modeling and Verification
The set of impact conditions which lead to success -the landing envelope for a perching vehicle -have previously been characterized for dry adhesive grippers in [15] using a numerical simulation and in [23] as an empirical result. Out of the range of possible state variables, two have proved crucial to understanding the performance of a given gripper on a specific robot -the velocity of the robot in the direction normal to the target surface (normal velocity) and the velocity of the robot parallel to the target surface (tangential velocity). We follow the approach used in [27] to model a ballistic perching and climbing robot, and we extend it to the case of an incoming quadrotor to predict one boundary of the landing envelope. Next, we use empirical results and observations to complete the description of the safe region. Then, we briefly discuss our current understanding of the limits on other state variables, and formalize the landing envelope.
Bounds on Rebound Spring Energy Storage
The gripper is attached to the quadrotor by a compliant element referred to as the rebound spring, which is designed to keep the forces transmitted to the gripper below the adhesive limit of the pads until it reaches the hard stop at the end of its travel. In [27] , it was shown that the potential energy stored in the rebound spring before hitting the upper limit was an effective predictor of the upper bound of incoming velocity. Note that this requires consideration of the coefficient of restitution in the direction normal to the wall to predict the rebound velocity after energy is dissipated in the suspension. The addition of foam between the mechanism and the quadrotor significantly increases damping in the normal direction. Foam is also placed underneath each rotor to soften their impact with the wall and help orient the robot consistently after perching, which also contributes to normal damping. Damping in the direction tangential to the surface is small because the adhesive pads generally adhere to the surface without translating, thus preventing the accumulation of frictional work along that boundary. With this in mind, we specify a boundary based on the energy storage of the rebound spring by integrating the spring force F(l) over the spring length l. By defining the coefficient of restitution c in the normal direction, a limit on incoming velocityẋ ∈ R 3 can be stated as:
where m is the mass of the vehicle, p 3 is a unit vector pointing into to the plane, and p 1 and p 2 are orthogonal unit vectors in the plane. By launching the quadrotor against the wall with the dry adhesive surface covered, we were able to measure the coefficient of restitution in the normal direction for the current system. The average of six trials resulted in a value of 0.30. The rebound spring applies an average force of 7.2 N over 5.0 cm of travel, resulting in 0.36 J of stored energy, which is equivalent to having an initial rebound velocity of 1.1 m/s. This limit on the energy storage results in the lower dashed curve in Figure 5 .
Maximum Upward Velocity and Pad Alignment
When rotating to present the pads to a vertical surface, the quadrotor loses the ability to counteract gravity and begins to accelerate downwards. Thus, in order to avoid large negative tangential velocities at impact, the robot must acquire sufficient upward velocity in the first part of the approach maneuver. Note that we use the term tangential velocity to mean the velocity along the plane which, in the vertical surface case, would be a velocity in the vertical direction. A desired positive (i.e. upwards) tangential velocity requires a greater initial vertical velocity (and also, a longer vertical acceleration), which increases the minimum height requirement for the entire maneuver. In practice, this means that target velocities that are less than or equal to zero are easier to achieve, especially when the vertical distance for perching is constrained.
With this in mind, the gripper is designed to function best when impacting the wall with negative (i.e. downwards) tangential velocity. As illustrated in Figure 4 , the angle at which the pads initially contact the surface must be matched to the expected tangential velocity at time of impact. If the leading tile impacts the wall first, friction with the wall pushes the tiles closer together, creating slack in the tendon connecting them and leading to a final loading angle which is too steep to realize the full adhesive capability of the material. If the trailing tile impacts first, the tension in the connecting tendon maintains an appropriate distance between the tiles and still ensures proper loading. Therefore, the joint between the quadrotor and the gripper is designed so that the upper adhesive tile contacts the wall first. Further, the maneuver is specified so that the quadrotor impacts the wall with the upper arm inclined slightly towards the surface, which also has the benefit of requiring a smaller angle of rotation and less time to rotate. This impact orientation, however, creates problems for perch attempts with positive tangential velocity, motivating an upper limit of 0 m/s, which is represented as a horizontal dashed line in Figure 5 . Our future work will consider this effect in other directions since wind gusts could induce velocity errors in the lateral or tangential directions and could lead to non-ideal loading of the adhesive tiles unless the angle of impact is adjusted accordingly.
Minimum Normal Velocity
A lower bound in the normal direction is a result of velocities which are too slow to effectively align and engage the pads in compression. A statistical analysis of the failures between the energy storage limit curve and the tangential velocity limit provides an estimated lower boundary of 0.8 m/s. This limit appears as the vertical dashed line in Figure 5 . The adhesives themselves require very little preload force; thus, it is conceivable that a design optimized for low speeds could significantly reduce this limit and will be explored in future work.
Formalization of the Landing Envelope
The orientation of the robot, R ∈ SO(3), should be such that the gripper is angled slightly towards the target plane (see Figure 4 ) and with minimal angular velocity, Ω ∈ R 3 . Future work will explore the full effect of orientation, which currently has been controlled to be parallel to the plane in V V A B Fig. 4 . Qualitative illustration of a failure mode due to an inappropriate matching of tangential velocity and adhesive tile orientation at impact. In A), the trailing tile impacts first, maintaining tension between the two tiles and preserving a consistent final tile spacing and an appropriate final loading angle of the tendon. In B), the leading tile impacts first, causing the connecting tendon to go slack and allowing the tiles to settle on the wall closer to each other than intended. This results in inconsistent and non-optimal loading on rebound, increasing the chance of failure.
most tests. The lateral velocity along the surface has also been controlled to be small, but should have an effect similar to increased velocity in the tangential direction. Let the orientation of the plane be defined using the following righthanded basis such that p 3 is a unit vector that is normal and pointed into the surface, p 2 is a unit vector that is horizontal in the world and lies on the surface, and p 1 = p 2 × p 3 , which is parallel to the surface and pointing upwards in the world (angle depends on the inclination). Then, we can formalize the landing envelope in terms of the robot's position x, velocityẋ, orientation R, and angular velocity Ω:
Verification of Normal and Tangential Velocity Bounds The predicted bounds for the landing envelope were verified by launching the unpowered quadrotor against a vertical surface, recording its motion using a high-speed camera, and plotting the successes and failures as green dots and red squares, respectively, in Figure 5 . When flying autonomous, powered perches, the maneuvers targeted velocities near the middle of the safe region. Successes from flown perches are represented by diamonds in Figure 5 .
In flight, the planning and control strategies described in the rest of this paper are able to achieve landing conditions which meet these requirements, resulting in successful perches (plotted as diamonds in Figure 5 ). In future work, the method described here for estimating the effective landing envelope should be easily extened to different quadrotors, simply by adjusting the mass, coefficient of restitution, and spring energy used in (1).
DYNAMICS AND CONTROL
In this work, the robot used is a quadrotor, which is a multirotor vehicle consisting of four rotors with parallel axes of rotation as displayed in Figure 6 . The rest of this section will present the dynamics of the system followed by a control law. 
Preliminaries and Dynamics
The speed of the rotors, ω i , can be mapped uniquely to the control inputs of the system using the following invertible transformation
where k f > 0 and k m > 0 are the thrust and moment coefficients of the rotors, respectively, and the distance between the axis of rotation and the center of mass is l. The net thrust is f and the moment about the i th body frame axis is given by M i . Using this relationship, the system can be considered to have the control inputs pictured in Figure 7 . Then, the translational dynamics are
where m ∈ R is the mass of the vehicle and x ∈ R 3 is the position of the robot in the world frame, W (see [28] ). The rotation from the body frame (B) to the world frame (W) is given by R ∈ SO(3), g is gravitational acceleration, and e 3 is the third standard basis vector, e 3 = 0 0 1 T . The angular dynamics of the system are given by
where J ∈ R 3×3 is the inertia tensor aligned with B, Ω ∈ R 3 is the angular velocity of the vehicle expressed in B, and
T contains the control moments. Equations (4) and (5) are related through the orientation of the robot, namely,Ṙ = RΩ
where· : R 3 → so(3) is the "hat" map and is defined such that if a, b ∈ R 3 , a × b =âb.
The Control Law
We implement the control law developed in [28] , which guarantees exponential stability if the geodesic attitude error is less than 90 • and exhibits almost global exponential attractiveness (the only exception is when the geodesic attitude error is 180 • ). Let the thrust be
where k x and k v are positive gains, e x = x − x d and e v =ẋ −ẋ d are position and velocity errors, respectively, andẍ d is the nominal acceleration. The commanded moments are given by
where k R and k Ω are positive gains and
are the angular position and rate errors with · ∨ : so(3) → R 3 being the opposite of the "hat" map. In this case, Ω c ∈ R 3 is the "commanded" or nominal angular rate and R c is the "commanded" attitude, which is given by
where
and b 1 c is chosen such that b 3 c × b 1 c is well conditioned. In our case, b 1 c is defined by a combination of the planned trajectory and the desired force and will be explained further in the next section.
PLANNING WITH CONSTRAINTS
The system is underactuated since the thrust can only directly affect the translational acceleration in the b 3 direction, and the moments can only directly affect the angular acceleration. Since we are interested in aggressive maneuvers in which the quadrotor can perch on vertical surfaces, it is important to ensure that we can plan trajectories that are not only dynamically feasible (considering the underactuation), but also physically realizable (considering actuator and sensor constraints). We will first explore the dynamic feasibility of a trajectory by presenting a planning method that, by design, can guarantee that a trajectory is dynamically feasible.
Planning for Dynamic Feasibility
In this subsection, we will present results similar to [29] , which facilitates the computation of trajectories for the underactuated quadrotor system. We propose the following set of variables called flat outputs, which will be used to show that the control inputs and state of the system can be expressed in terms of this subset of variables and their derivatives:
where x is the position of the vehicle and ψ defines the yaw angle. In particular, these results will provide insight into how sufficiently smooth trajectories in the flat output space can be used to guarantee dynamic feasibility. This property of the system is called differential flatness, and has also been shown to be useful for planning trajectories for other underactuated systems [30, 31] . First, observe from (4) that the nominal force can be determined from the acceleration of the trajectory,ẍ, since (12) and the orientation of the third body frame axis, b 3 as in Figure 7 , is
The rest of the rotation matrix, R, can be determined by defining a vector, b 1 orthogonal to b 3 using ψ and then using b 3 × b 1 to determine b 2 . In [29] , an intermediate vector was defined as b c = cos ψ, sin ψ, 0 so that b 2 could be determined directly by
However, in our case, such an approach is dangerously close to the singularity that results when b 3 is parallel to b c , which is likely to be the case when perching on a vertical surface since the thrust vector may be horizontal. To avoid this, we choose b c such that the singularity is avoided by allowing b c to be rotated (no more than ±π/2) while remaining in the plane defined by cos ψ, sin ψ, 0 × e 3 . In practice, this means that we can define b c as
where γ is chosen based on b 3 (see Figure 8) . Then, b 2 is Fig. 8 .
We define the b c vector based on ψ and b 3 in order to determine b 2 while avoiding the singularity when e 3 · b 3 = 0.
given by (14) ,
and
The next derivative of (4) is given by
and the scalar projection onto b 3 reveals thaṫ
Next, we can determine the first two terms of Ω by solving (18) forΩe 3 and independently projecting onto −e 2 and e 1 (note that R T b i = e i and, similarly, e T i R T = b T i ),
The third term of Ω is constrained byψ. Consider
where Ω W is the angular velocity of the body expressed in the world coordinates. Then, Ω 3 can be determined using e T 3 RΩ
Now we have introduced a singularity that is, to the best of our knowledge, unavoidable in the full 3-D case. Thus, any portion of the trajectory that passes through the singularity, we formulate as a vertical planar model, which results in a reduced-dimensioned flat space with Ω 3 = 0 as a constant when expressed in 3-D.
Another derivative of (4) provides
and projecting onto b 3 ,
Similar to (18) and (20), we can solve for theΩe 3 term and use the scalar projections onto e 1 and −e 2 to determine the first two elements ofΩ. The third element can then be determined and will requireψ. Having the angular acceleration, we can solve for the required moments. Thus, the control inputs and the state of the robot can be expressed in terms of the flat outputs and their derivatives, which is a result from the differential flatness property [31] . In particular, we see that the 4 th derivative of position and the 2 nd derivative of the yaw angle appear in the control inputs. Then, any trajectory that is sufficiently smooth in the flat outputs (x(t) ∈ C 4 and ψ ∈ C 2 ) defines a trajectory which satisfies the dynamics of the system, and is therefore a dynamically-feasible trajectory.
Actuator and Sensor Constraints
In addition to dynamic feasibility, we must also consider actuator and sensor constraints, especially when planning aggressive trajectories. While the trajectories are defined in the flat space, it is likely that the physical constraints are not defined directly in the flat space. Next, we will demonstrate how these constraints can be mapped to constraints in the flat space, which enables their consideration when planning trajectories.
First, the net thrust is bounded by f max , which can be expressed as
The gyros saturate at ω max , which imposes a bound on the jerk expressed from (20) with a β 1 function as
and the maximum moment about the i th axis is bounded by M i max , requiring that
In practice, these constraints are coupled through (3) . If the thrust is saturated, then all rotors are spinning at their maximum speed, and the moment inputs must be zero. Similarly, if a large moment is required, the thrust cannot simultaneously be zero. The thrust also cannot be zero because of the singularity in (13) . For this reason, when planning, we further restrict certain constraints during portions of the trajectory that are expected to require large control inputs.
A Constrained Optimization Problem
The trajectories can be parametrized using an appropriate basis function (e.g. Legendre polynomials), h(t) ∈ R m , and coefficients, c i ∈ R m , such that
Next, an objective function is formulated to minimize the control inputs in the flat space [29] . Minimizing the integral of the square of the n th i derivative of the i th flat output provides the cost function,
where, in our case, n = 4 4 4 2 . Then, H i ∈ R m×m is used to formulate the problem as a Quadratic Program (QP):
with
with the constraints discussed in the previous section incorporated using a series of linear approximations in A ∈ R k×4m and B ∈ R k where k is the total number of linear constraints. The matrix A eq ∈ R p×4m and vector B eq ∈ R p can be used to impose p equality constraints. For example, we can use these to specify a velocity or acceleration constraint at a desired time.
The previous formulation is satisfactory for a single trajectory segment, but in practice, more than one segment is needed to maintain a high degree of freedom without resulting in computational errors. To keep the problem well conditioned, a desired trajectory is broken into segments with a maximum dt of 1 second. Then, the coefficients for each segment of a particular dimension can be stacked and incorporated into the QP. Finally, it is important to incorporate equality constraints between segments such that the i th dimension is C n i .
Boundary Conditions
Now, we will discuss the specific boundary conditions to enable successful perching using our quadrotor. The initial conditions can be chosen to match the current state. It is assumed that the position and orientation (orientation defined by a vector, p 3 , normal to the plane) of the perch plate are known. Thus, the position at impact is defined such that the quadrotor would be perched on the window. The desired normal impact velocity can be chosen from the landing envelope. A desired acceleration vector should be defined such that b 3 (see (13) ) is nearly aligned with p 3 or slightly angled towards the plate so that the plane of the quadrotor is nearly parallel to the window and so that the highest pad makes contact first. In addition, the tangential velocity is desired to be slightly downwards so that the highest pad is engaged as discussed in Figure 4 . These conditions should fall within the boundary given in Figure 5 .
From [19] , we estimate that the time to change orientation will be a maximum of 0.4 s (assuming a change of π/2 radians). Thus, during the last portion of the trajectory, we specify an acceleration such that b 3 is nearly constant and the magnitude of the acceleration places the thrust in the middle of its range to ensure that the robot has the moment control authority to rotate in case the orientation is lagging behind the desired. Note that it is important to consider gravity when using acceleration constraints to specify an attitude. For example, if we would like the b 3 vector to be at an angle θ and the thrust to be f max /2, the acceleration must be expressed asẍ
See Figure 9 and Figure 10 for a sample planar trajectory and acceleration vectors during the trajectory. See Figure 11 for the components of acceleration. Notice that the acceleration is bounded towards the end of the trajectory to ensure that, if there is lag, the robot is still able to achieve the desired orientation before impact. Finally, to minimize unnecessary kinetic energy, we require that the angular rates are zero at impact.
EXPERIMENTAL RESULTS
In this section, we present the experimental setup and the results of the perching trials. The experiments are conducted in the GRASP lab at the University of Pennsylvania (see [32] ) using a Hummingbird quadrotor from Ascending Technologies 1 , and the QP is solved using Gurobi Optimizer 1 www.asctec.de x · e 1 x · e 3 Fig. 11 . A plot of the nominal acceleration for the trajectory in Figure 9 . Notice that during the last portion of the trajectory, the acceleration is bounded by the black lines, which dictates that the angular velocity will be nearly zero and that the robot will achieve the correct orientation before impact.
6.0 2 with the MATLAB R interface. A motion capture system is used for position feedback at 100 Hz. The setup is documented in Figure 12 . Successful perches on a vertical surface under various impact conditions are denoted by diamonds in Figure 5 . These demonstrate the effectiveness of the planning algorithm, controller, and gripper as the impact conditions fall within or near the boundary of the proposed landing envelope. The angular velocities for 3 vertical surface perches are overlayed in Figure 13 . In particular, we would like to highlight that at the time of impact, the angular velocity of the vehicle is nearly zero as desired. Further, the reader is encouraged to view an image sequence of a perching robot in Figure 14 as well as the online 3 multimedia material.
In addition to perching on vertical surfaces, the robot is able to perch on various inclinations without the need for iterative experimental trials. For example, perches on surfaces at 30
• , 50
• , 70
• , and 90
• relative to the horizontal are presented in Figure 15 . Further, one of the motivations for the downwards-facing gripper is that it can also be used to transport objects. For example, the robot could be used to retrieve a lost cell phone as pictured in Figure 16 .
Surface Effects
During these experiments, we noticed the impact of aerodynamic surface effects as the robot approached the perch plate. Even in quasi-static situations, surface effects are noticed [33] . Thus, this effect was not unexpected and will be explored further in future work. 
CONCLUSION AND FUTURE WORK
In this work, we presented a strategy for planning trajectories to enable quadrotors to perch on inclined surfaces while taking into account constraints due to dynamics, actu- ators, sensors, and the gripper. To show the effectiveness of the proposed methodology, we demonstrated perching on inclined (up to 90 • ) surfaces using a quadrotor equipped with a downwards-facing dry-adhesive gripper. Future work will include perching on curved surfaces, bat-like perching by hanging, and sensing failures during perching. We also intend to show how the presented methods can be adapted to quadrotors of various sizes. Another important future direction is the possibility to automate the gripper's detaching process using an onboard actuator, which will require balancing the need for compliance in a landing mechanism with the desire for a well-defined perching posture to simplify the return to free flight. Finally, we intend to move into realworld perching scenarios by exploring the impact of dusty surfaces on the gripper effectiveness, generalizing the gripper for other surfaces (e.g. brick, drywall, painted exterior metal, or marble) by using micro-spines or an appropriate amount of adhesive, and leveraging vision-based techniques to enable perching without a dependence on an external motion capture system.
